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FOREWORD 


This data dump describes the experimental work and the data collected 
during Phase I of the "Photographic Combustion Characterization of LOX/HC 
Type Propellants" Program. The activity was performed by Aerojet Liquid 
Rocket Company on contract NAS 9-15724, under the direction of Mr. M. F. 
lausten, NASA-JSC Project Mar .qer. Aerojet personnel included Mr. J. W; 
Salmon, Program Manager; Mr. D* R*. l,awver, Project Manager, and Mr. D. C. 
Judd, Project Engineer. The following individuals also contributed to the 
program: 

Gene Hron Fabrication 
Arnold Keller Test Engineering 
Lee Lang Injector Design 
Nona Rowett Test Instrumentation 
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I. INTRODUCTION AND SUMMARY 
, A. INTRODUCTION ' 




The objectives of this program are two-fold. The first objective 
(Phase I) is to experimentally demonst. ite the advantages and limitations of 
using high speed photography to identify and characterize potential anomalies 
(i.e. , pops, fuel freezing, thermal decomposition, and reactive stream 
separation) in the combustion of liquid oxygen (LQX)/Hydrocarbon (HC) type 
propellants while operating with different element concepts. The second 
objective (Phase II) is to develop a combustion evaluation criteria based on 
the above mentioned testing and use it to evaluate, characterize, and screen, 
promising low cost LOX/HC type propellants for long life reusable propulsion 
systems. The basic injector element combustion data generated In this effort 
will provide much of the needed experimental data necessary to rationally 
select the most promising propellant combi nat ion (s) and Injector elements for 
future engine technology efforts and engine development programs. Without 
this experimental data, compromises Will have to be made between risk and the 
present state-of-the-art data base. This could result in either significant 
development cost and/or operational costs being incurred unnecessarily. 

B. SUMMARY 

The development work undertaken during Phase I resulted in the 
design and testing of three single element injectors and two fuels with the 
aim of photographically characterizing observed combustion phenomena. The f 
three injectors tested were the O-F-O triplet, the Transverse Like on Like 
(TLOL), and the Rectangular Unlike doublet (RUD). The fuels tested were RP-1 
and Propane. . . 

The hot firings were conducted in a specifically constructed 
chamber fitted with quartz windows for photographically viewing the 
impingement spray field. 
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I, B, Summary (cont.) 


Test results from Phase I main chamber element Jesting show that 
the appearance of LQ 2 /Hydrocarbon combustion Is markedly different from 
storable propellant combustion observed on previous blowapart tests (Contract 
NAS 9-14186, Ref. 1). However, the pressure effects on combustion show 
similar trends. All LOX/HC testing demonstrated coking with the RP-i fuel 
leaving far more soot than the Propane fuel. No fuel freezing or popping was 
experienced under the test conditions evaluated during Phase I. Carbon 
particle emission and combustion light brill lance increased with Pc for both 
fuels although RP-1 was far more energetic in this respect, RSS phenomena 
appear to be present In the high Pc tests as evidenced by strlations In the 
spray pattern and by separate fuel rich and oxidizer rich areas. 

The RUD element was also tested as a fuel rich gas generator 
element by switching the propellant circuits. Excessive sooting occurred at 
this low mixture ratio (0.55), precluding photographic data. 

Testing to date has increased our knowledge of LOX/HC combustion 
phenomena and has shown that some of the anticipated problems (i.e. , fuel 
freezing, flash vaporization, etc.) are not likely to occur at the test 
conditions being examined, Further testing with new elements and fuels will 
be necessary to characterize the above mentioned combustion phenomena more 
precisely. This testing will be preformed during Phase II of this program. 
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II. RESULTS AND CONCLUSIONS 
« ■ '■ » » 

A. RESULTS 

■ \) 

A summary of the most important findings from Phase I/testing is 
shown below*. " 


Fuel Freezing or Pops - No occurrence of fuel freezing or popping 
was noted with the use of LOX/RP-1 in three Phase I injectors (0F0 triplet, 

TLOL, and RUD), Although this is a significant finding, it is not conclusive 
evidence that freezing and popping will not ctcur with other Injectors and I 
propellants (e.g,, LOX/NHJ • The use of larger orifices than those in this 

O < ■■■ — _ ) / * /; 

program (.030 in.) may also promote fuel freezing. Larger streams would receive 
proportionally less heat from recirculation gases because of their reduced sur- 
face area to volume ratio. _ 0 n 

I 

Coking - Coking was Influenced by type of fuel , mixture ratio, and 
injector element . RP-1 definitely deposited more soot than Propane for a 
given injector. Lower mixture ratios resulted in coking which coated the 
chamber and windows precluding photography. The RUD with its coherent jet 
Impingement resulted in greater soot formation than the TLOL with its spray 
fan Impingement. The TLOL appeared to atomize, mix, and burn more completely. 

Reactive Stream Separation (RSS) - There appears to be an RSS 
type of phenomena as evidenced by striations in the spray pattern anil by • 
separate areas of fuel and oxidizer rich propellants. There does seem to be 
a Pc dependence with better mixing and less combustion light emission at the 
lower pressures. Higher pressure seems to promote the apparent separation and 
greatly enhance the light emission. Light intensity increases during RSS / 
because of the carbon formation resulting from poor mixing and incomplete 
combustion. Verification of RSS and correlations between RSS and velocity, 
mixture ratio, orifice diameter. Injector type, or propellants will be a 
major goal of Phase II of this program. 
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ZI» A, Results (cont.) 

Super Critical Pressure Operation - No occurrence of flahs vapori- 
zation leading to resurge phenomena has been experienced at sub-critical or 
super-critical pressure operation. As mentioned previously there is an 
increase of light emission and apparent separation with an Increase in Pc. 

This increase* however, Is gradual and continuous and seems to bear no rela- 
tionship to the critical pressure. 

Fuel Type - RP-1 produces a brilliant combustion flame which Is 
surrounded by turbulent, dark, recirculation gas flows. The fuel fan (TLQL) 
is black as it exits the injector and the oxidizer fan is a light gray color. 
Combustion light Increases with chamber pressure and coking is always present. 

Propane has a lower rate of carbon particle emission and therefore 
produces a much less bri 11 1 an combustion flame. The fuel fan is a grayish- 
brown color as It exits the injector and the oxidizer fan is a light gray 
color. Combustion light also increases with chamber pressure, but to a 
lesser degree than with LOX/RP-1. A brownish vapor is visib' j in the low 
pressure tests, resulting from Propane's high vapor pressure. Propane 
demonstrates far less carbon deposition or sooting than RP-1. 

Main Chamber vs Gas Chamber - All of the above findings are In 
reference to main chamber operating conditions. The RUD injector element 
was fired with LOX/Cglig at Pc = 850 psia and MR = .55 to examine fuel rich 
gas' generator effects. The injector burned smoothly but yielded no photo- 
graphic data because of excessive sooting, The windows and chamber are 
completely covered with soot and allowed no penetration of light, 

B. ADVANTAGES AND LIMITATIONS OF USING HIGH SPEED PHOTOGRAPHY TO 

CHARACTERIZE ANOMALIES ON LOX/HC COMBUSTION 

1. Advantages 

Phase I high speed photography of single element, LOX/HC 
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II, B, Advantages and Limitations of Using High Speed biography to Characterize 
Anomalies In LOX/HC Combustion (cent,) 

1 ’I 

Injectors has been effective in showing the existence of coking and an apparent 
RSS phenomena and In demonstrating the absence of fuel freezing, as described 
In the previous section. Each injector/fuel combination tested to date has 
yielded different results as discussed in Section Ix,A. Physical processes 
such as fuel decomposition, mixing, atomization, vaporization, and apparent 
separation are visible in varying degrees of clarity In each test. Being able 
to see and Interpret these occurrences has resulted In a better general under- 
standing of the LOX/HC combustion process, 

2 . Limitations 

In Phase I testing, empnasis was directed toward obtaining 
Information about a concept or method that could be used to provide data 
necessary to screen and evaluate various fuels and injector elements. The 
advantages listed above are important, but for the most part are qualitative. 
Certain physical processes have been seen to occur as expected (such as coking, 
extreme brightness, an apparent RSS type of phenomena), but the ability to 
develop empirical correlations between test conditions and combustion phenomena 
Is still in question. Although testing has been limited to date (44 tests, 
three injectors, and two fuels), the LOX/HC photographic results are more vague 
and difficult to obtain than the photos from the NgO^/Amlne program. Testing 
to date Indicates that some injector/fuel combinations will neyer give good 
photographic results regardless of the technique used (e.g., the RUD fuel rich 
gas generator), It is believed that the photographic technique now in use is 
the most flexible and efficient to be utilized, but is compromised by soot and 
fog formation under many design and operating conditions. Testing with Methane 
and Ammonia in Phase II may alleviate these sooting and clouding problems 
somewhat and aid in developing empirical correlations for these two fuels, 

The possibility of adding a dye to Propane to aid in film interpretation may 
also facilitate a greater understanding of the combustion process. For this 
reason it is felt that Phase II photography is worth pursuing using the 

methods developed during Phase I. 
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II, B, Advantages and Limitations of Using High Speed Photography to 
Characterize Anomies in LOX/HC Combustion (cont.) 

The question naturally arises as to whether photographic 
observations alone will suffice or whether other methods of confirming the 
existence of RSS and other phenomena should be employee. The use of larger, 
multiple element injectors would allow the accurate measurement of Isp and C* 
which would in turn reflect the occurrence of RSS. It Is felt that multiple 
element testing will be a necessary part of the injector and fuel evaluation 
and will serve to answer questions perhaps not addressed by single element 
photographic testing, 

C, CONCLUSIONS 

The most significant conclusions drawn from the work in Phase I 

are: 

1. RSS appears to occur with non-hypergolic fuels (RP-1 and 
Propane), and shows a tendency to increase with chamber pressure. 

2. Fuel freezing and popping is not observed with the injector 
elements and operating conditions tested to date (.030 in. jets with RP-1 and Propane), 

3. Operation at supercritical pressure Is not noticeably 
different than operation at subcrltlcal pressure, even though the LOX Is 
observed to vaporize more rapidly as chamber pressure Is increased. 

4. Thermal decomposition and sooting increase as the 
hdyrogen-to-carbon ratio decreases. The type of injector element also 
Influences coking with the coherent jet unlike doublet depositing far more 
soot than the TLOL or QFO. 

5. Photographic characterization of a fuel rich gas generator 
will be very difficult because of the excessive sooting. 



ill. RECOMMENDATIONS 

A recommendation (along with all supporting rationale) as to the 
propellants, elements, and operating conditions to be considered in Phase II 
was prepared and submitted to NASA-dSC for review and approval (Ref. 2), A 
summary of these recommendations is shown below: 

1. Further testing of six elements (four main chamber and two gas 
generator), and three fuels (Propane, Methane, and Ammonia) are recommended 
to aid in characterizing LOX/HC combustion phenomena. 

2. Efforts should be made to develop empirical correlations between 
test conditions and LOX/HC combustion phenomena so that future LOX/HC engines 
can be designed mora efficiently. 
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IV. T ECHNICAL DISCUSSION 

A. EXPERIMENTAL HARDWARE AND TEST SETUP ;| 

1. Test Apparatus * 

The test apparatus consists of a test chamber equipped with 
transparent viewing ports, a LOX/H 2 Igniter, removable injectors, and 
nozzles as shown in Figure 1. The test chamber was designed during the T&Sk 
III "Blowapart" program (Ref. 1) and was modified slightly for use during 
this program. Of the three injectors fired during Phase I, one of them 
(O-F-O triplet) was residual hardware from the "Storables Blowapart" program 
(Contract NAS 9-14186) and two of them (Transverse Like on Like and 
Rectangular Unlike Doublet) were designed and fabricated during Phase I. 

a. Test Chamber 

The test chamber was machined from a 4-inch square x 
6-inch long block of 304 CRES. The combustion chamber section is 4 inches 
(10.16 cm) long, to which a 2 in, (5.08 cm) L* spacer is bolted to increase 
the combustion zone length to 6 inches (15.2 cm). The block was bored to 
provide a 2.75 inch (6.99 cm) diameter combustion chamber. Four circular 
quartz windows were provided to facilitate photography and to allow 
flexibility in photographic lighting of the combustion process. The windows 
are 1/2 inch (1.27 cm) thick to provide a safety margin for 1000 psia (6.89 x 
105 N/m^) operation. The flat quartz windows are sandwiched between 
durabula gaskets for cushioning against ignition shocks and uneven loading. 

A silicon "0" ring provides sealing on the window periphery. Quartz windows 
are used to provide good propellant compatibility and well defined optical 
properties. Thin quartz disc Inserts are also employed to protect the 1/2" 
pressure bearing windows from high heat flux and window damage. 
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Figure 1. Test Changer Assembly 
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IV, A, Experimental Hardware and Tost Setup (cont.) 

A 
o 

The chamber was designed to provide an Inert gas (GNg) 
film purge to prevent obscuring the view of propellant' spray Impingement on 
the windows. The gas purge flow Is injected through four inlets Into an 
annular manifold. The gas Is directed from the manifold through an annular' 
gap and made to flow around the periphery of the chamber wall. The gas 
passages were sized such that the GN£ is injected into the chamber at 50 
ft/sec (15.2 m/sec) at 300 psia (2.07 x 10 6 N/n£) chamber pressure to 
minimize mixing with the propellant spray and combustion gas. Storable 
propellant "Blowapart" testing (Ref* 1) showed that the cold QNg purge gas 
causes poor spray field visibility due to the density gradient created 
between it and the hot combustion gas. Therefore all subsequent storable 
propellant tests were run without purging during hotfire. However, it was 
necessary to reactivate the purge circuit for LOX/HC testing. A .helium* in 
place of GN 2 , purge is used to protect the windows from the LOX spray 
during the start transient and from carbon deposits during shutdown. It 
automatically shuts off during steady state operation. 

Provisions were made for mounting both high and low 
frequency response pressure transducers and thermocouples. The nozzles 
consist of removable copper inserts drilled to provide the desired operating 
pressures. The nozzle configuration and exiting sizes are shown in Figure 2. 

b. Igniter 

The igniter shown in Figure 3 operates on gaseous 
hydrogen and oxygen which are ignited by a spark plug. This assembly is an 
existing igniter that has been used on many high pressure programs proving 
extremely reliable. The igniter is mounted in a port drilled into the L* 
spacer section by means of an adapter (see Figure 4). The igniter operates 
at a mixture ratio of 2.0 and a chamber pressure of 250 psia during hotfire 
testing. V ' ■ . * . „ 
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IV, A, Experimental Hardware and Test Setup (coyif.) 
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c. Injectors 

V 

Three injectors j the 0F0 Triplet, Transverse 
Like-on-Like (TLOL) and Rectangular Unlike Doublet (RUD) were tested during 
Phase J. All of the injectors were made in a cylindrical "piston" shape to 
fit into the chamber purge ring located at the forward end of the chamber. 

The Injector is held in the purge ring by alien head screws. A silicon 
rubber 0-rlng seals the Injector to the purge ring. 


(1) O-F-O Triplet 

■ ''i 

The 0F0 triplet shown in Figure 5 is residual 
hardware frail Contract NAS 9-14186. It was designed for testing with 
LOX/Propane propellants but was not' tested at that time due to a program 
redirection, , ?■ 

tv/ . i 

The 0F0 arrangement was selected to maximize the 
oxidizer to fuel interface to maximize the potential for fuel freezing. The 
fuel is Injected axially and the oxidizer is fed from the inlet tube to a 
■torus which feeds two orifices 180° apart. The Impingement half angle is 
30°. The .030 in. diameter orifices are EDM'ed in the torus cover which 
is EB welded to the body. 

0 . • ' ; . .. * . . 
i t 

(2) TLOL • 

0,i 

The TLOL (Figure 6) is a photoetched platelet 
injector which was selected for the following reasons: 

(a) Like impingement and self-atomizing injectors 
are predicted to inhibit fuel freezing. 
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IV, A, Experimental Hardware and Test Setup (eont.) 

(b) Self-atomizing injectors promote RSS. 

(c) Like impinging doublets can be operated over a 
wide range of MR* Pc, and Tf with little effect on resultant spray angle. 

(d ) This element is well characterized and Is 
predicted to produce acceptable combustion stability and performance 
characteristics. 


The single element TLOL was designed for the 
following nominal operating conditions* (1) F * 50 IbF, (2) MR * 2.8 with 
RP-1 and MR * 3.0 with propane, (3) Pc * 1000 psia* (4) aP 0 x * APf * 250 
psi. 


The TLOL consists of a body, Inlet lines, a 
manifold platelet stack, and an element platelet stack. The manifold stack 
shown in Figure 7 provides propellant routing and thermal isolation. The 
element stack (Figure 8) contains the transverse inertance channel to the 
injection orifice. The platelet stacks are diffusion bonded and then brazed 
to the body. 

(3) RUD 

The RUD (Figures 9 through 11) is an EM'd injector 
fed directly from inlet tubes. The injector face is machined so that the 
propellants are injected in streams normal to the face. A rectangular 
orifice configuration was selected to avoid the large diameter mismatch 
associated with LOX/HC circular orifices. The circular orifice diameter 
mismatch produces a "banana" shaped spray distribution which is difficult to 
interpret photographically. The RUD is complimentary to the TLOL for the 
following reasons* 
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IV, A, Experimental- Hardware and Test Setup (cont.) 

(a) Uhl Ike impingement of coherent jets Is 
predicted to encourage freezing with LOX/RP-1 propellants. 

(b) Coherent jets have less Interfacial surface 
area and are not as active In promoting RSS. 

I 

(c) Spray angle and mixture ratio distributions 
will most likely vary with MR, Pc, and Tf. 

The RUD injector was designed for the same 
operating conditions and propellants as the TLQL. The injection angles of 
50° for the fuel and 20° for the LOX were selected so that the resultant 
spray fan would parallel the centerline of the chamber at nominal mixture 
ratio. Aspect ratios were chosen to keep orifice area and surface tension to 
a minimum, thus helping to avoid the change in free stream cross section from 
rectangular to circular. The L/D ratio for both orifices is greater than. 6 
in order to facilitate flowing fully attached (Ref. 3). 

The inlet lines arc fitted with "two-pass" coolant 
jackets to allow for switching propellant circuits. This switching 
flexibility allows the RUD to be used as a fuel rich gas generator element. 

2,, Hotfire Test Facility Setup 

The test apparatus was setup in Test Bay 3 of the ALRC 
Research Physics Lab as shown in Figure 12. A schematic of the propellant 
system used is shown in Figure 13. Propellant was stored in one-gallon, 3000 
psi run vessels. Gaseous pressurization of these systems was used to provide 
controlled run conditions over a wide range of chamber presssures. Gaseous 
heliuim was used to pressurize the LOX and gaseous nitrogen for the RP-1 and 
C3H8- 
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Figure 13. Propellant Flow System Schematic 
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IV, A, Experimental Hardware and Test Setup (cont.) 


LOX temperature conditioning was provided by mpans of the 
following: (1) LNg coolant jacket surrounding the LOX inlet line, (2) 

addition of a LOX bypass circuit to Increase mass flow and keep LOX 
temperature low, and (3) chilling of the LOX thrust chamber valve'with an 
LN2 jacket. Both RP-1 and Propane were fired at ambient temperature . * 
conditions. 

, . ' ^ ^ ■ , - , ; ■ 

Four separate purges were employed during testing as follows: 

(1) a helium trickle purge was connected to the oxidizer circuit to prevent 
contamination vc propellant migration, (2) a nitrogen purge was connected to 
the fuel circuit for the same reason, (3) a separately regulated GH3 purge 
was used to provide chamber back pressure- as well as provide window purge for 
the chamber viewports during the start and shutdown transients, (4) a . 
separately regulated GM2 supply was used to purge the test chamber after 
shutdown. 


3. Cold Flow Test Setup ■> • 

The cold flow tests were also conducted in the ALRC Research 
Physics Laboratory. Filtered, de-ionized water was used as the test fluid on 
most tests. Pressure measurements were made using Heise pressure gages and 
flow rate was measured using a time/ volume technique, with run times of from 
60 to, 200 seconds. Strobe light photographs were taken of some of the 
injector flow tests to better evaluate propellant stream properties (see 
Section IV, C for photos). . ’ fj - 

. o - * \ 

4. Hot Fire Instrumentation 

The high frequency and low frequency instrumentation listed 
in fables I and II were used in the locations shown in the schematic of- 



Test 

Parameter 

Oxidizer Manifold 
Pressure 

Fuel Manifold 
Pressure 

Chamber Pressure 


Instrument 


POJHF Kistler 601 0-3000 psi (P-P) f+0.5% 
PFJHF Kistler 601 0-3000 psi (P-P) » + 0.5* 
PCHF Kistler 601 0-3000 psi (P-P) + 0.5% 









]'• r 


it 


i" ( 


ar 


y; 


l: 


I ft 


f, a . 




v 


“■ % 


V 


table ii 


7 ) 


31 


I. 

LOW 

FREQUENCY RESPONSE INSTRUMENTATION 





Test Parameter 


"' f •/.. >( 


Recorder 


1 

Symbol 

RantR 

Units 1r d ir 

Graph 

Tape 

Digital 


Ox Tank Pressure 

POT 

0-2000 

PSIA 

X 



f 

w . 

Fuel Tank Pressure 

PFT 

0-2000 

PS I A 

X 



It.-* 

Ox Injector Pressure 

POJ 

0-2000 

PSIA 

X 


X 

r 

Fuel Injector Pressure 

PFU 

0-2000 

PSIA 

X 


X 

^ > 

Chamber Pressure 

PC 

0-1500 

PSIA 

X 


X 

iT 

Igniter Chamber Pressure 

PCI 

0-1500 

PSIA 

X 


X 

Uj 

Ox Flowrate 

WO 

0-0.2 

LB/SEC 

X 


X 

r 

Fuel Flowrate 

WF 

0-0.2 

LB/SbC 

X 


X 

ITT” 

Ox Flowmeter Temp 

TOFM 

-300-100 

°F 

X 


X 


Fuel Flowmeter Temp 

TFFM 

0-500 

op 

X 


X 

Cl i 

Ox Injector Temp 

TOO 

-300-100 

op 

X 



Sf-r 

Fuel Injector Temp 

TFJ 

0-500 

op 

X 



M 

4 * 

Ox Valve Voltage 

VOV 



X 



*4* 

Fuel Valve Voltage 

VFV 



X 




Camera Voltage 

VCAM 




X 


ff* 

r;. 

Injector Purge Valve 
Voltage 

VIPV 



X 



b 

Igniter Ox Valve Voltage 

VOVI 



X 



it 

Igniter Fuel Valve 
Voltage 

VFVI 



X 
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IV, A, Experimental Hardware and Test Setup (cont.) 

Figure 14. Low frequency response test parameters were recorded on a 
Consolidated Electrodynamics Corporation's direct writing oscillograph. High 
frequency response data were recorded on a Sangamo Model 3564 analog tape 
recorder. 


Propellant flowrates were measured both by flowmeter and by 
using injector cold flow Kw's and the measured injection pressure drops. The 
pressure drops were electronically determined from the POJ, PFd, and Pc 
transducers. Transducer bias and zero offsets were accounted for by pretest 
calibration. 

The test operating point data were digitized and processed in 
an on-Hrra HP 2iuuA computer. The Physics Lab data reduction program for the 
N 204 /Amine test program was modified for use with LOX/HC type propellants 
(see Appendix A). Curve fits for various LOX/HC properties such as 
viscosity, surface tension, density, etc. have been incorporated over the 
range of anticipated temperatures and pressures (see Appendix B). Figure 15 
shows the input to the program and the formulas for the calculations to be made, 

B. PHOTOGRAPHIC EQUIPMENT AND TECHNIQUES 

The method of photographic characterization initially used was 
that found to be successful on the N 2 O 4 /MMH "Blowapart" program. Color 
high speed photographs Of the spray field were taken ata rate of 800 
pictures per second and an exposure time of 25n sec with a Hycam Model 
41-0004 high speed camera (Figure 16), Ecktachrome EF No. 7242 film (400 ft 
rolls) was used. The spray volume was illuminated with one 1000-watt quartz 
iodine lamp for back lighting and four 750 watt lamps for sidelighting. 

Subsequent testing showed that this method was not capable of 






Figure 14* Instrumentation Schematic 
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Figure 15. Computer Data Reduction Calculations 
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IV, B, Photographic Equipment and Techniques (cont.) 

W y,,. 

‘'masking" the bright LOX/HC combustion light and "seeing" Into the atomiza- 
tion and mixing process. It wap soon discovered that one successful light 
setting would not be possible for each of the test, conditions, as was the case 
during the Storable Propellant Blowapart program. Instead it was necessary to 
vary the f-stop, camera speed, and external lighting intensity depending on the 
chamber pressure, fuel type, and mixture ratio. Consequently a new flashbulb 
lighting technique was employed which proved much more.effective in taking 
clear, discernible photographs. Each of the incandescent photo-floods was 
replaced with a large flashbulb (6 megalumen on the two front lights and 2 
megalumen for the top, bottom, and back lights). The flashbulbs were 
triggered during steady state combustion just before shutdown and provided 
25 ms of extremely bright light at a film speed of 3200 fps and an f-stop of 
16. This technique proved to be much more effective in masking combustion 
light and seeing into the mixing process than the previous lighting arrange- 
ment. 

!, 

C. TEST RESULTS 

A total of 44 hotfire tests of three injectors (0FQ-, TLQL and RUD), 
and t'*;o fuels (RP-1 and Propane) were conducted between 1 March 1979 and 
13 June 1979. Cold flow tests were also conducted to determine the injector 
element hydraulic resistances and to characterize non-reactive impingement 
phenomena. 

1 • Cold Flow Test Results 

Each of the injectors were cold flow tested to determine their 
hydraulic resistance and to verify impingement accuracy. The cold flow tests 
were conducted in the Research Physics Laboratory. Filtered, de-ionized water 
was used as the test fluid on most tests. Pressure measurements were made 
using Heiss pressure gages and flow rate was calculated using a time/volume 
technique, with run times of from 60 to 200 seconds. Strobe light photographs 
were taken of the elements to evaluate propellant stream properties- 

/ % The hydraulic resistances were determined for each of the 

elements from plots of flowrate versus pressure drop as shown in Figures 17 


O Oxidizer Circuit 
□ Fuel Cl rcui t 






IV, C* Test Results (cont.) 

through I3i Since the RUD Injector element was damaged and repaired It was 
re-cold flowed. A plot of flowrate - vs pressure drop for the repaired RUf) 

..element Is superimposed on Figure 19. The resistance values for the three 

"Injectors are shown In Tables III through V. 

i „ , * ■ „ ■ ■■■,, ' 

^ .. (I - ■ U * ’ o . ' ■ : 1 ‘ 

** The 0F0 triplet was residual hardware from Contract NAS 

, “ 944186 and was shelved for a year after Its original cold flow in January 

lS/8. It was re-cold flowed in January 1979 (Figure 17) and yielded results 
which agreed within approximately 11$ of the previous results* In both cases 
the fuel orifice flowed detached (due to cavitation) at pressure drops above 
50 pst. This detachment phenomena did not occur during hotflre because of 
the Increased back L-Sfist oxidizer jets mis 
slightly during cold flow, but the spray fan still appeared to be well mixed. 

The TLOL injector element was flowed- both as a platelet stack 
and as a complete Injector assembly with similar results. Figure 20 shows 
the unlike fan Impingement of the TLOL at a pressure drop of 40 pst. 

The RUP Injector element was cold flowed twice because of 
damage sustained during hotflre testing (see Figures 21 and 22). After being 
repaired the RUD demonstrated Kw values and mixing qualities very similar to 
those obtained with the original Injector. Figure 23 Illustrates the 
coherent, rectangular jets and the well mixed spray fan obtained from the. RUD 
during cold flow. ' .. 

o 2. Hot Fire Test Results 

A total of 44 hot fire tests of three injectors (OFG, TLOL^ 
and RUD ) f and two fuels (RP-1 and Propane) were conducted between I March 
1979 and 13 June 1979. The original 0F0 test matrix from Ref. 4 and the 
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TABLE ITT 

Kw VALUES FOR O-F-O TRIPLET* 


January 10 T l Q7n 


t> 

T3 

O 

X 

"ox 

4P f 


20 

.005577 

25 

.002433 

40 

.00558 

50 

.002467 

60 

.005365 

75 

.002489 

80 

.005186 



TOO 

.005103 ...... 

inn 

1UU 

. 002478 

200 

.004967 

200 

.002530 

400 

.004919 

400 

.002582 


Janua ry 26, 1979 

■ in v » mtmtmm i n i mm 


ox 

. . \>x 

AP f 


20 

.005712 

20 

- 1 
*,002820 

40 

.005577 

40 

.002824' 

60 

.005351 

60 

.002812 

80 

.005190 

80 

.002805 

joo 

.005165 

100 

•002734 

250 

,004964 

250 

.002747 

5t)0 

,004841 

500 

.002805 

750 

.004862 

750 

,002834 


Values used during hotffre? Kw f = .0028, Kw 

T ’ ox 


.0055 
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TABLE IV 

Kw VALUES FOR TLOL PLATELET STACK 
AND FOR TLOL INJECTOR ASSEMBLY 


TLOL PLATELET STACK (3-6-79) 



Oxidizer 


, Fuel 

AP ox 

Kw ox 

AP f 

Kw f 

20 

.006358 

20 

.002777 

40 

.006327 

40 

.002786 

60 

.006258 

60 

.002758 

80 

.006215 

80 

.002770 • 

TOO 

.006351 

100 

.002775 

200 

.006140 

200 

.002738 

300 

.006202 

300 

.002745 


TLOL INJECTOR ASSEMBLY (3-17-79) 


SI 



Oxidizer 


Fuel 


AP 

ox 

Kw ox 

4p f 

KWf 

25 

.00634 

25 

.00282 

50 

.00630 

50 

.00279 

100 

.00628 

100 

.00280 

200 

.00621 

200 

.00280 

♦Values used ddring hotfii re : 

Kw f = :.0028, 

Kw qk = .00628 
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Figure 20. Unlike Fan Impingement of TLOL at &P = 40 Psi (Water Flow) 













IV, C, Test Results (cont.) 


original test matrix for the TLOl and the RUD from Reft, 5 are shown In 
Tables VI and VI I respectively. The test results along with pertinent 
comments are summarized In Table VIII, Included In Table VIII Is a 
description of the chamber pressure, type of element, mixture ratio, 
injection velocities, propellant temperatures, and a list of symbols, 
Photographs taken from selected tests are shown in Figure 24 (13 pages). 
These photos are blowups of the high speed 16 mm movie film and will be of 
assistance in understanding the discussion which follows, 


A total of sixteen tests were conducted with the 0F0 triplet 
using RP-1 as fuel. The chamber pressure was varied from 450 psia to 1505 
psia while the mixture ratio varied from 1.7 to 2.8. These tests were 
dedicated to checking out the facility and photographic equipment and firming 


up a 


sywucdd ? vj 
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Test results showed a very overexposed, turbulent combustion 
with an extremely bright central flame. There was far too much combustion 
light to see any droplet details using the baseline camera settings (ASA 125 
film, shutter « 1/50, 800 pps, f4). After some test stand and light setting 
changes the movies showed greater detail, but showed a need for increased 
external light. The bright central flame which was .white in earlier films 
appeared as a yellow flame interspersed with brownish areas which likely 
represent decomposing RP-1 and carbon formation. There appeared to be an RSS 
type of phenomena as evidenced by striations in the spray. 

The final 0F0 tests during early April indicated that the 
light settings in use represented the optimum to be obtained from 
conventional photo-flood lighting. Test 114, at 1000 psia and MR » 2.35, 
appears as a bright central yellow flarne interspersed with decomposing RP-1 
and carbon formation. Test 116, at 1500 psia and MR = 2.6, differs from Test 
114 only in its greater brillance. 
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TABLE VIII 


SUMMARY OF INJECTOR ELEMENT TEST RESULTS 


LIST OF SYMBOLS o 
DESCRIPTION OF HEADINGS FOjR TABLE 


Chamber Pressure (psia) 


Mixture Ratio 


Fuel Temperature (°F) 

Nozzle (Throat) Diameter (In.) 

Fuel Orifice Diameter (In.) p\. 

Oxidizer Tank Pressure (psla) 

Fuel Tank Pressure (psla) 

Fuel Circuit Injector Pressure Drop (psi, 
Fuel Injection Velocity (ft/sec) 


Fuel Reynolds Number Based on Diameter 


Fuel Weber Number 
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Test No. 106 
Fuel Type: P.P-1 

Injector Element 


Test No . 1 07 
Fuel Tyne: RP-1 

Injector Element: 0F0 


Figure 24. Single Element LOX/HC Combustion (Sheet 2 of 13) 





Test f!o. 110 

Pc ■ 400 psia 

Fuel Tvne: RP-I 

0/F - 2.7 

Injector Element: OFO 



Test No. 114 
Fuel Type: RP-1 

Injector Element: 0F0 


Pc * 970 psia 
0/F = 2.35 


Figure 24. Single Element LOX/HC Combustion (Sheet 3 of 13) 

























Ox 

Fuel 


Pc * 400 ns la 
0/F = 3.10 


Fuel 


Pc = 800 psia 
0/F = 2.8 


Combustion (Sheet 8 of 13) 









Test No. 130 Pc = 134 psia 

Fuel Type: C 3 H 3 0/F = 2.50 


Injector Element: TLOI. 


—-Ox 
- Fuel 



Fuel Type: C^H,, 0/F = 2.65 

Injector Element: TLPL 

Figure 24. Single Element LOX/HC Combustion (Sheet 9 of 13) 
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Injector Element 


mrn®mm n,c ' T ^ e: S h 8 0 /f = 2.60 

Injector Element: RUD 

’Wre 24. Single E , ement L0X/I)C Combu ,. tjoii (sheet ^ 














IV, C, Test Results (conti. ) 

A total of fifteen tests were conducted with the TLOL 
Injector element using both RP-1 and Propane as fuel* TLOL testing utilized the 
flashbulb lighting technique described in Section IVB which greatly Improved 
picture quality. 

The TLOL combustion using RP-1 as fuel was similar to that of 
the 0F0 triplet with regards to; (1) coking, (2) lack of freezing or 
popping, (3) increasing brilliance with Increasing chamber pressure, and (4) 
recirculation gas flow patterns. Dissimilarities in the spray field 
uniformity were observed due to differences in mixing characteristics. Both 
type of elements appear to exhibit RSS. The fuel fan was a brownish-black 
color even before unlike impingement, indicating thermal decomposition due to 
propellant stream heating. The LOX fans were a white-gray color and 
vaporized more rapidly with increasing chamber pressure* 

The TLOL was then tested with Propane in order to gain an 
early comparison with the LOX/RP-1 data. The movies showed a much less 
brilliant combustion flame which produced much less carbon-particle emission 
than the LO2/RP-I combustion. The fuel fans were a grayish-brown color 
before unlike impingement indicating less thermal decomposition than the 
RP-1. Combustion light also increased with chamber pressure, but to a lesser 
degree than with LOX/RP-1. A brownish vapor is visible in the low pressure 
tests, resulting from propane's high vapor pressure. In comparison with the 
RP-1 tests carbon decomposition or sooting in the chamber was negligible. 

The RUD injector element was scheduled to be tested with both 
RP-1 and propane, but facility problems arose which only left time for 
propane testing. Seven tests were fired with the RUD operating as a main • 
chamber element. These tests covered a chamber pressure range from 150 psia 
to 800 psia and were markedly different from the TLOL LOX/C3H8 tests. 

These movies were darker than the TLOL I.OX/C3H8 tests even though the 
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\JV, C, Test Results (cont.) 

0 




lens was opened two stops, Much less mixing and combustion was in evidence 
near the Injector face than with the TLOL or the 0F0 triplet. Swirling dark 
clouds near the injector face obscured the impingement Interaction. The 
external lighting did not yield the same quality of picture as with the TLOL 
and 0F0 triplet, because the vapor and unburncd combustion intermediates 
formed a sort of opaque mixture which wouldn't allow the penetration of external 
light. This lighting problem is due to the low vapor pressure of propane and 
RSS effects which modify the mixing characteristics of the RUD Injector. 

description of the degree of RSS demonstrated by the RUD element is diffi- 
cult because the impingement is obscured and the chamber, is filled with dark 
clouds. o. „ 

The fuel and oxidizer circuits were then switched on the RUD 
so that it would be tested at fuel rich gas generator conditions.. The first 
valid test (No. 143) fired for 2 seconds at Pc 65 860 psia and MR - 0,55, 
Excessive sooting was experienced and the window inserts needed to be jt 
replaced (carbon deposits were booked onto the glass and couldn't be removed), 
The windows were completely black and no photographic data was gained. Test 
144 was a repeat of test 143 using conventional lighting for a comparison. 

After ignition the chamber filled with soot immediately and nothing more 
could be seen. 




o a 


. « 
v 


o 




71 

t» O' 


o 


o 


ft 


REFERENCES 


. Lawver, B.R., "High Performance NpOd/Amine'ElementsiBlowapart, 

Final Report", Contract NAS 9-14186, Report No. 14186-DRL, 15 Nov. 
1978, . • 

. Judd, D.C. , "Phase II Propellants, Injectors, and Test Condition 
Recommendations", Contract NAS 9-15724, July 1979. 

. Lawver, B.R., "High Performance NgOa/Amine Elements Blowapart, 
Injector Element Design Criteria", contract NAS 9-14186, 15 Nov. 

1978. 

)\ 

. Judd, D.C. and Lawver, B.R,, "Photographic Combustion Characterize 
tion of LOX/HC Type Propellants, Phase I Test Plan (-1)", Contract 
NAS 9-15724, 22 Dec. 1978. 

, Judd, D.C. , "Photographic Combustion Characterization of LOX/HC Type 
Propellants, Phase I Test Plan (-2)", Contract NAS 9-15724, 8 Jan. 

1979. 



$&&& star 



qj 



, • ,• •, 9 • I • O • O • • 0 6 I 

* * * *JL * 9 * 1 L * * JLJL # * «JL * * * * * * « x # * n * * 


UJ <t 

at ■* m 
k uj a 
nc 

LU <C UJ 


ONH 

a; twcs « o 
tvoiocoj 

2 4<2 5 ! 2 
■4 O O o o 

__ o f\ f- 1 »-♦ ►« 

OJ J MV* H* t» 

aJ oj uj uj uu uj 

“ a 

O aj UJ UJ Uj £ 

«t a. »u oc <> a a a : sc 

U 2 0. ; 

jy a k ii m i'uj m 

r\ <u c o u. u. 3 h- d 

CDU. U 4 ^ t* < xu. < 

* a . to 1 to to w w to to 

•* l*» II •/* it# iQ »T i 0 W (O i ’22222 2 i «= 

•; ,* ** S * ». " I* ,* (f H.w w 

»• Hf «• t* «*« *-f m «i »l ** ta *i. 

/ *4 * 44 4 *1 M < ** I- ■ H» *» H* K K, fr- 

♦ 5 l h* ju ♦«" H H' H H N ifr .!f * 3 f' A it / 

»? • * 4 p «t 2 z c!o o c o a oip 

c -U y « 3 3 O O C UiO O U U U U U 

- u X U U 1 u u u u 
** b* rv r* *** #••*■■ m <** 

t «* #** ■ f* -> »»..«ww 6 <-» (V *0 ty IA k f* 
U rvj > «*0 4 ^ <1 MC \> »-* ■* u* V^I e* . p* (Mj! >m 

»: W II V- Hr* w k# ktf‘ W W M M W W W *W W* W 

u "u w ujuuuuquu U! o O u u 


UJ **«| 
U U U.J 

a -* tk 
o u. o 

j c j] 
U. O uj 


>* 

to 

*J >~l 
D tO 
UJ _J 


tx uj 1 
o 

u. a 1 
a ( 
2 u. 1 
o 

w 2 i 
H o c 

4 w > 
U H I 
P < < 
«J U t 

w o a 


a « 

oj uj * i» 

uj to a 

k * UJ 
UJ CO 

1 to u 

* o 

»-* -J <0 

q a c 

2 -J <2 
w >* a 
u uj 2 

Kf cs >. 

u. uj 
oc at 
o -J 


to 


j' 


a 

3 , 


0 2 £| 


r* <*> i~> r+ r-i 

rv^n/>x>i«r.^i-trjKI 

43 QO ^ 

— • rvj ro wwwwwwjw 

<« w w w.<0 to CO to cfi tO'W 

<l)(Titf)WMWtUWW W 
w» W M w O 3 O O O O D 

a e o ^ if 11 n it 

u 11 m 11 s 11 N n 

r-f\i^f\ju.U.'V ,, )IIU.a. 

n o u u c ii.ou.ooiv 
<x^r, aaaaa. h t i- 


ujj 

X UJ 

«*o 


*-* «J» M 

wm u.iuj H 

00 to t *- a' 


D O 


II II 
*3 *> 
C U. 
H H- 


CL* 
Oi 

Qt«o at 

>u o u 

> o 

2 *J -J 

O «t O 

0‘ U *K 

o 


S A 


* 


o* 


% X F. 

u 


« V 1 ? * * < 

L. O 




U 




5 .J S >» S L 

OOO 


Op’S page « 

74 Poos WAury 


1 


f-H 











0 • • 


• • 


ORHHNftl PAGE IS 
W POOR QUALITY 


0 9 0 

» * » 0 5 if 


O 0 

5 r » I 


J 


► » • 

» » 8 K « 



u. 
o e 
tr 

« 


OU.CS 
H. Of * 
CL.IO N 
U.* It w 
«r M U. 


* * 

X & 


*i n . 

LL O o4 L 
U» (J) Xilu , 


u. o kJ 


is is •> { a: 

i > » it H Jfc ■* S' 

X O liJ 4 ■». A X0«i,x f H K. 

u,o o,u © u.!+* jc c,a c. x* * co uJ 

> > tc Vf •C iCUiSiCOO'llUT..., 

II It M II II M II If II It II II II II lit U II ll, H M M 

<** . 0 % 0 s ■<«-* r> i"* rS. ts #-t »** H ri r<\ W ** i'-J 

r+ t* #■* o <*> *** *•* #*% m #■** #-». .*•««*•* 

o « m, i> si h Ai *<i ij ji jo r* as ^ o .** a* if* <o a: 

. **' w r< r- fU fV f\t !V AJ fU M TM Of Kl K| KS ** mt 0 * a 

w w w w W W <wt *# w W W «■* M w w| W W W W Ol J 

'nwwwwwwtoifl^wifliWMW'Dinwuuuih 

tj. j- ^ K_> *■ ■* kJ 4-. -rf *-..J I -1 «- A t. J h. .* L..^ t-J fc- -* 1 — M I 

,Ciaaooaco&,3aa;aoO|aoajo«qii 


r x x * ts n e * s #n * * * 

• o o o o 


76 




APPENDIX B 


EQUATIONS FOR SPECIFIC GRAVITY, VISCOSITY, 
AND SURFACE TENSION 



TN,L#T,,C 

SUBROUTINE pROPT (6»MF,8G* J7#V8) 

THIS SUBROUTINE COMPUTES SPECIFIC GRAVITY, VISCOSITY, AND 
SURFACE TENSION FOR SOME STANDARD ROCKET PROPELLANTS 
THE TEMPERATURE MUST BE PROVIDED IN OECREES FAHRENHEIT. 
OUT-OF-RANOE SPECIFIC GRAVITY OR VISCOSITY ,18 HETURNEO 
AS A VALUE OF 88888. OUT-OF-RANOE SURFACE TENSION IS 
RETURNED AS A NEGATIVE REAL NUMBER OR ZERO, 

SGnSSSRe. 

V3«eSB08. 

TRi.TF+459,7 

TK«TR/1.8 

GO TO (lOfZOrSO.UOiSO) E 

COMPUTE SO, ST ( VS FOR RP-1 

tO 3G«-.a00S88*TFf. 82828 
3T«t.-TK/6T9,2S 

IFCST.GT.O.) ST»ST** l .2671 *53.5055*6, B5195E-S 
Z«<TF-6B,)/97, 

1F(ABS(Z) ,GT , 1 •) 00 TO 100 

V8*( 1 1 t-l ,956 135E-4 *2+7. 667 82E-4) *2-1.3030926-3) *2 +1 .322725E-3) 

1 *Z«t (255994E-3) *2f ) , 1 4431 9E-3 

GO TO 100 

COMPUTE SO (ST# VS FDR METHANE 
20 ST«* *-TK/, 190*555 

IFTST.GT.O.) STrSTaaI. 23625*40. 322*6, 85I95E-5 

2P(TR-252.632)/B9.38fl 

IF(A8S(Z),GE.I.) GO TO 100 

VS«((((( (-7, l9026tE-2*Z+2»45455E-2)*2+0. 108B466)*Z-1 .78405SE-2) 

S *Z-8.5295lE-2)*2+3.54?60ie-2)*Z»4.333652E»2)*Z+7.0e8399E-2 

V8«VS/1. 4881619 

86*( (( (<(»6.849984E"2*Z“5,25Z7 I7E-2)*Z+7.2008T6E-2)*Z+5«821B)2E-2) 
1 *2- J,900402E-2)*2-1.124697E*2)*2-B.7406«2E-2)*2t. 3773215 

GO TO 100 

COMPUTE SO, ST(V8 FOR PROPANE 
30 3T«1 .-TK/369.8 

IF (5T.GT.0, ) 8T»ST**1.2482t*Sl. 492*6, 65I95E-5 

Z«(TR-422,84)/242.82 

:p(ABS(Z).GE.l.) GO TO 34 

VS»T ( ( ( ((-3,516625*2*3. 1 72042) *2*3,215512) *2-2. 325508) 

1 *2-1 ,378224 )* 2+0 , 851 7147) *Z-0, 1 949874 ) *2+0. 181+328 

VS-VS*. 001/1.4881639 
34 2»(TR-405.4430)/25t.57‘’ 

IFCABU(Z) ,GE.t.) GO TO 1(10 

Sfl«( t ( (( (-7,27397E»2*2"5»84529E-2)*Z+7.12T882E-2)*Z+3.56042SE“2) 

1 *Z-4.879066E«2) *2*3. 866206E-2)*Z-0,157346fl) *2+0.58831 14 

GO TO 100 

COMPUTE ST (VS FOR OXTOEN ' 




40 CALL OXY tP,TF(SG) 

ST»1 .-TK/154,576 

IFIST.GT.O.) 3T*8T+* l. 22222*38. 461 H6. 851 95E-5 










Z«(8G». 9790199)/. 3275971 i 

IF(AB8(Z) ,GE, 1 , ) GD TO 100 , l 

VS«C(<(< (8.694 1096-6*2+3, 15T9b4E-5)«Zt3.500642E-S)*2+4.602466E-S) 
l *2+8,467757E»5)*2+8, 153l5BE-5)*2+6.243964E-5)*2+6,625252E«5 

GO TO 100 • i 

COMPUTE 0T(V3,3G FOR AMMONIA . ' 

50 3T»0.0020787'.8.9888fc-6»TF *>i 

V8*l oE-5/ (0, 07247 1+0, 00044 1 97 *TF) i 

T8AT*( ( (-7. I826E-10*P+ 1(5323, >6) *P-1. 294986-3) *P+0.675)*P+l, 90664 

IFf (T8AT-TF) ,LT. ! ,) GO TO 100 • j 

SGpO.6621 1 85- (1.1 328 34£-6*TF+6, 93 745 3E-4-5, 33663 1 E-8«P ) «TF 1 

1 +2 , 473552E-6+P 

100 RETURN 
END 
ENOI 




